The oxygen evolution reaction (OER) was investigated on pure carbon fibre CF and MoNi/CF tow electrodes in 0.1 M NaOH electrolyte at room temperature. MoNi alloy modification of CF was carriedout by electrodeposition in an electrolytic bath. The OER activity of both catalyst materials was examined by means of a.c. impedance spectroscopy and Tafel polarization techniques. The deposition of MoNi alloy on the CF material was evidenced by energy dispersive X-ray (EDX) spectroscopy; additionally, its presence had a significant influence on the recorded electrochemical parameters, such as charge-transfer resistance and exchange-current density.
INTRODUCTION
In recent years, the global energy consumption has rapidly increased [1, 2] , which has amplified the overall impact of non-renewable energy sources on natural environment. With respect to above ecological challenge, it is necessary to investigate alternative energy carriers. One of the most promising substitutes for fossil fuels is hydrogen produced from water electrolysis by means of the so-called green energy. This process is considered to be the cleanest way to make hydrogen of ultra-pure quality, as it creates zero waste [3] [4] [5] [6] . This is because the prime processes occurring during water electrolysis are the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER) [7] . From the kinetic aspect, the OER requires more energy than the HER and higher overpotentials for the formation of oxygen molecule [8] [9] [10] [11] . Several studies have been undertaken to find the best electrocatalyst for the OER by studying their properties (electrochemical efficiency, performance in different media, corrosion resistivity and commercial price) [12] . Several metal oxides, such as IrO2 and RuO2 showed good electrocatalytic activity in acidic solutions [9, [13] [14] [15] [16] . However, these materials could not be considered as low-cost catalysts for the OER. On the other hand, in alkaline media, some transition metals (e.g. Ni, Co, Fe and Mn) and their oxides, and oxyhydroxides present reasonable activity in an anodic reaction [17] [18] [19] . Carbon fibre (CF) is an attractive electrode material that has been examined for the use in industrial water electrolysis. The main advantages of carbon fibre material are its high surface area, good flexibility and corrosion resistance in both acidic and alkaline solutions. Therefore, carbon fibre with appropriate pre-treatment could be used as a basic material for electrode preparation [20, 21] .
This work focuses on the a.c impedance and polarization measurements of the OER, performed on 12,000-filament (12K) Hexcel AS4C carbon fibre (CF) and MoNi/CF tow electrodes in 0.1 M NaOH electrolyte.
EXPERIMENTAL
A Millipore Direct-Q3 UV water purification system with 18.2 M cm water resistivity was used to prepare all necessary solutions. The main solution of 0.1 M NaOH was prepared from AESAR, 99.996 % NaOH pellets. Atmospheric air was removed from a working electrolyte solution before experimental measurements by bubbling with high purity argon (Ar 6.0 grade, Linde). In addition, high purity sulphuric acid (SEASTAR Chemicals, BC, Canada) was used to prepare a 0.5 M H2SO4 solution in order to charge a Pd reversible hydrogen electrode.
In this study, a standard three-electrode electrochemical cell was used, containing a working electrode (WE) in a central part, a reversible Pd (0.5 mm diameter, 99.9 % purity, Aldrich) hydrogen electrode (RHE) as a reference and a Pt (1.0 mm diameter, 99.9998 % purity, Johnson Matthey, Inc.) counter electrode (CE), both placed in separate compartments. Working electrodes were prepared from Hexcel 12K AS4C carbon fibre tow material (12,000 individual filaments with a diameter of 7 microns each and about 26 cm 2 of geometrical area per 1 cm long ribbon). In order to remove a protective organic sizing from fresh carbon fibre, the tow electrodes were heat-treated for 4 hours at 350 °C in a muffle furnace. MoNi alloy electrochemical deposition on the CF samples was done by using an electrolytic bath consisting of the following components (concentrations in g dm -3 ): Na2MoO4×2H2O -20;
NiSO4×6H2O (99 % purity, Sigma-Aldrich) -90; C6H8O7 (citric acid, ≥99.5 %, Sigma-Aldrich) -40; C6H11O7Na (sodium gluconate, ≥99 % Carl Roth) -150; Na3C6H5O7 (trisodium citrate, ≥99 %, SigmaAldrich)-50. The deposition process was carried out at a cathodic current-density of 0.5 mA cm -2 at 30 °C for 2 minutes to obtain a catalyst deposit at ca. 1.8 wt.% MoNi (with a ratio of about 1:1) [22] . The Solatron 12,608 W Full Electrochemical System was used to obtain experimental data from electrochemical impedance spectroscopy and quasi steady-state polarization experiments. For a.c. impedance measurements, the amplitude was set to 5 mV and the frequency swept from 1.0×10 5 to 0.5×10 -1 Hz. Additionally, quasi-potentiostatic anodic polarization experiments (recorded at a scan rate of 0.5 mV s -1 ) for the OER were carried-out at all electrodes. All measurements were performed at room temperature. ZView 2.9 and Corrview 2.9 software packages for Windows were used for data analysis, and the impedance spectra were fitted by means of a complex, non-linear, least-squares immittance fitting program LEVM 6, written by Macdonald [23] . All other information about pre-treatment applied to electrochemical cell and electrodes was given in the previous publications from this laboratory [24] [25] [26] . Furthermore, a scanning electron microscope (SEM) FE-SEM Merlin unit with XFlash 5010 Bruker EDX compartment was employed for spectroscopic characterization of prepared electrodes. The a.c. impedance behaviour of the OER recorded in 0.1 M NaOH for unmodified Hexcel 12K AS4C carbon fibre (pure CF) and MoNi/CF composite is presented in Fig. 2 At all examined potentials both electrodes exhibited two "depressed" partial semicircles over the high and low-frequency range (see examples of the recorded Nyquist impedance plots in Fig. 2) . The electrochemical parameters for the OER were obtained by means of an equivalent circuit model (Fig. 3) , which included two CPE-R elements. Thus, the high-frequency region corresponds to charge transfer resistance, Rct and double-layer capacitance, Cdl for the OER, whereas the low-frequency region covers the adsorption of reaction intermediates on the electrode surface, RAds and pseudo-capacitance, CAds parameters [27] . Hence, it could be seen that the Rct parameter value for pure CF sample decreased from 0.161 Ω g at the overpotential (η) of 270 mV to 0.085 Ω g at the overpotential of 570 mV. Moreover, the value of double-layer capacitance decreased from 186,883 µF g -1 s ϕ1-1 to 66,346 µF g -1 s ϕ1-1 for the same overpotential range. On the other hand, the MoNi/CF tow electrode presented ca. 2× smaller values of the Rct parameter, which reached 0.080 Ω g and 0.
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046 Ω g at 270 mV, and 570 mV overpotential values, respectively. Although the Cdl value fluctuated throughout the examined overpotential range (see Table  1 for details), the overall trend was declining, reaching the highest value of 219,125 µF g -1 s ϕ1-1 at η= 270 mV and the lowest of 155,762 µF g -1 s ϕ1-1 at η= 520 mV. The above behaviour of the Cdl parameter,
i.e. its reduction upon rising overpotential, could be explained by the partial blocking of the electrochemically active electrode surface by freshly-formed oxygen bubbles [11, 28] . In addition, the linear relationship of -log Rct vs. η (Fig. 4) refers to kinetically controlled process by the Volmer-Heyrovski route [29] . Based on this dependence and through utilization of the relation between the exchange current-density (j0) and the Rct parameter for overpotential approaching zero value [30, 31] , the values of j0 were calculated for the examined electrodes by means of the Butler-Volmer equation. Hence, the obtained j0 value for the studied overpotential range (η = 270-570 mV) came to 1.4×10 -5 A cm -2 for pure CF tow material and 4.9×10 -5 A cm -2 for the MoNi/CF electrode (3.5 times higher than that for the unmodified electrode). Furthermore, the potentiostatic Tafel polarization plots are presented in Fig. 5 [28, 32] . Moreover, with respect to the kinetic results discussed above, the Tafelbased data presented in this work should only be treated qualitatively. The Rct-derived exchange-current densities are somewhat lower compared to those of other OER works performed on MoNi alloys in alkaline solutions [28, 32] . Thus, the exchange current-density value recorded for Ni + Mo composite coating came to 9. 32 for mechanically alloyed Ni and Mo powders on the electrode surface. However, taking into consideration that the NiMo alloy's loading did not exceed 2 wt.% of the electrode mass (compared to 99 wt. % for Refs. [28 and 32] ) the electrode with a very small amount of NiMo alloy and slightly lower j0 parameter value could be considered superior to those of bulk-type electrodes.
CONCLUSIONS
Low-level nickel and molybdenum deposits on the surface of carbon fibre material radically enhanced the catalytic activity of baseline material towards the anodic evolution of oxygen in an alkaline solution (especially observed over the kinetically-controlled overpotential range). The above is primarily related to superior OER catalytic properties of MoNi alloy, in addition to the considerable modification of electrochemically-active surface for this catalyst material.
Finally, the results obtained in this work have shown that a small amount of MoNi alloy deposited on the materials with large electrochemically active surface area, such as carbon fibre, not only could significantly facilitate of the OER performance, but also replace expensive materials by a cheaper analogue for the mass production in commercial alkaline water electrolysers.
